Background Abnormal biomechanical loading has been identified as an associated risk factor of osteoarthritis in the wrist and hand. Empirical data to date are insufficient to describe the role of altered biomechanics in thumb carpometacarpal (CMC) arthritis. Questions/purposes This is a pilot study to evaluate motion analysis of the upper extremity while performing functional tasks. We wished to describe the in vivo kinematics of the thumb and hand in relation to the larger joints of the upper extremity in subjects without arthritis in functional positions at rest and while loading the CMC joint. If reproducible, we then planned to compare kinematics between these subjects and a subject with advanced thumb CMC arthritis.
Introduction
One of the defining human features is the opposable thumb capable of precision pinch and grasp. The thumb is critical to hand function with nearly all of the basic activities of daily living requiring painless positioning of the thumb against resistance to accomplish manipulative tasks [13, 14] . Loss of thumb function imparts a 40% to 50% impairment to the upper extremity as a result of its central role in nearly all grasp and handling maneuvers [1] . The role of compensatory motion of adjacent and contiguous joints is well known in musculoskeletal impairment [2, 3, 16, 20] but the interdependence has not been quantified in diseases and arthritis of the hand.
Thumb carpometacarpal (CMC) osteoarthritis (OA) is a common and disabling degenerative disease. Radiographically visible arthrosis has been reported in approximately 15% of adults over the age of 30 years and 25% of women over the age of 55 years [5, 10, 25] . CMC OA is most prevalent among middle-aged and postmenopausal women [20] , who often seek medical and surgical treatment for loss of dexterity and strength [17] . With both pinch and grasp, thumb use imparts high forces directly to the joint surface as a result of the small moment arm of the flexor and extensor tendons and to the relatively long length of the thumb [4] .
Abnormal biomechanical loading has been identified as a risk factor for the development of OA in the wrist and hand [1] . The data implicating altered biomechanics with CMC arthritis, however, are largely empirical based on associations between CMC osteoarthritis and sex, trauma (acute and repetitive), and ligamentous hypermobility [15] . The interdependence of joints throughout the upper extremity as they relate to both normal and abnormal thumb CMC function has not been studied. Although numerous in vitro cadaver studies have evaluated the anatomy and kinematics of the CMC joint, in vivo kinematic data that correlate altered kinematics and abnormal joint loading to joint degeneration are lacking [21] .
The nonphasic, three-dimensional nature of upper extremity function that requires fine manipulation for targeted activity proves a challenge to quantify. To date, motion analysis of the hand and wrist has constrained larger joints or simplified activity to relatively uniplanar or phasic [3, 8, 9] . Because studies have previously demonstrated alterations in static ROM testing of the thumb in patients with OA [9] , our first objective was to determine whether in vivo kinematics of the thumb and hand could be quantified in subjects without arthritis during functional tasks Specifically, we evaluated the effect of carpometacarpal joint loading on upper limb position during three functional tasks: grasp, jar opening, and key pinch. These activities occupy several planes of motion, are nonphasic, and are constrained only by the hand placed on the targeted objects equipped with load cells. Our second objective was to evaluate these patients performing these activities while loading the CMC joint. Our final aim was to determine whether a difference could be observed during motion analysis in a subject with advanced thumb CMC arthritis in whom adaptive or compensatory movements of the entire upper extremity would be anticipated.
Patients and Methods
We recruited four right hand-dominant women with a mean age of 26 years old (range, 25-27 years old) to serve as control subjects. These patients reported no history of thumb or wrist pathology and denied CMC pain. We also recruited one 52-year-old subject with advanced radiographic (Eaton Stage IV) CMC arthritis to serve as an initial comparison, anticipating divergent kinematics [7] . Institutional review board approval and informed consent were obtained for this study.
Prior studies have demonstrated the accuracy of skin surface markers [11] as well as static alterations in motion in patients with OA [21] . Twenty-five skin markers were used during the motion analysis. Fifteen markers size 4 mm were dedicated to right hand and wrist motion, whereas the other size 5-mm markers with a resolution just under 1.0 ± 0.5 mm were used to analyze motion throughout the rest of the upper extremity ( Fig. 1 ). Six markers were placed dorsally on the proximal and distal aspects of the right thumb phalanges and metacarpal and one was placed on the radial border of the distal proximal thumb phalanx to allow for a three-dimensional understanding of thumb motion. Thumb kinematics were referenced to the third metacarpal coordinate system [11] . Markers were also placed on the dorsal distal tip of the distal phalanx and the proximal and distal aspects of the metacarpal of the index and long fingers on the right side along with markers on the right radial and ulnar styloid, left ulnar styloid, bilateral lateral epicondyles, and three markers outlining the scapulae to accurately record wrist, elbow, and shoulder motion. Small markers were used on the hand, whereas medium-sized ones were used for the rest of the upper extremity. This marker set allowed for segmental coordinate systems to be defined for the first metacarpal, third metacarpal, proximal phalanges, distal phalanges, forearm, and humerus. Using eight cameras and a motion capture program (Cortex; Motion Analysis Corp, Santa Rosa, CA, USA) with a sampling frequency of 60 Hz with an average threedimensional residual error for the motion capture system of 1.2 ± 0.6 mm, kinematics of the hand and upper extremity were quantified during ROM, lateral key pinch, object grasp, and jar opening (Fig. 2 ). Custom-made positioning jigs with embedded load cells (Orthopaedic Bioengineering Laboratories, Brown University/Rhode Island Hospital, Providence, RI, USA) permitted spatial registration and effort measurement, both digitally captured and visually represented to the subject. Subjects performed activities twice without loading and then again twice with loading to 80% maximal effort. In the unloaded scenario, subjects placed their hand on each of the three positioning jigs. Maximal loading was measured using a force sensor embedded in the jigs. The subjects exerted maximum force, as observed on the computer screen, and were then instructed to load to 80% of that maximal force. We examined motion through the CMC joint, interphalangeal joints, wrist, elbow, and shoulder as well as time to complete the task and force exerted. If compensatory motion was used by any party during the three trials, they were asked to reperform the activity while constraining their upper extremity motion so the shoulder, elbow, and wrist were all in the same coronal plane. Instruments were recalibrated before each new subject to ensure accuracy of measurements.
All kinematic data were processed using upper extremity motion software (UETrak; Motion Analysis Corp), a software program specifically designed for upper extremity motion analysis [3] . We measured shoulder elevation and horizontal abduction, elbow flexion/extension, forearm supination/pronation, wrist flexion/extension, wrist deviation, thumb CMC abduction/adduction, thumb metacarpal flexion/extension, and thumb interphalangeal flexion/extension.
Results
Control subjects demonstrated intratrial consistency in ROM while performing each task ( Fig. 3 ; Table 1 ). However, the intertrial variability between subjects fluctuated depending on activity. During pinch, the average ROM of CMC flexion and adduction was 11.04°(SD 1.20) and 10.38°(SD 2.59), respectively, with ROM occurring between 11.85°and 26.79°of flexion and an adduction range of 4.51°to 24.47°. The average ROM at the metacarpophalangeal and interphalangeal joints was 10.39°(SD 2.12) and 35.88°(SD 6.65), respectively. In contrast, while performing grip and twist, which required more upper extremity motion, two subjects altered upper extremity kinematics by increasing their shoulder abduction and elbow flexion to increase force of hand extrinsic flexor musculature through flexion synergy, where shoulder abduction couples to assist in elbow, wrist, and finger flexion [6, 12] . Two subjects without arthritis maintained a relatively neutral shoulder abduction arc of motion during with a mean range of 13.24°(SD 1.58) during grip and 10.01°(SD 3.52) during jar twist. The other two subjects used flexion synergy and had shoulder abduction arcs of motion averaging 27.82°(SD 2.10) and 30.00°( SD 3.77) during grip and jar twist, respectively. The difference between these two sets of subjects was statistically significant with a p \ 0.001. The subjects with increased shoulder abduction also used greater elbow flexion with an average maximal flexion of 96.81°and 100.24°during grip and jar twist, whereas the other two subjects obtained an average maximal flexion of 77.43°and 72.56°during these activities.
The subject with arthritis demonstrated similar ROM to the control subjects when performing a task without the requirement of force. However, she required a greater amount of time to shift from the starting position to the proper jig hand positioning as a result of subjective reports of pain during this positioning. She required a mean of Once obtaining the proper position, this subject demonstrated minimal movement at the CMC joint ( Fig. 4) and instead exhibited increased motion at the wrist, thumb metacarpophalangeal joint, and thumb interphalangeal joint. During jar twist, her mean ROM in wrist flexion was 111.15°( SD 0.16), wrist deviation 14.9°(SD 1.60), thumb metacarpophalangeal joint flexion 36.25°(SD 5.2), and thumb interphalangeal flexion 45.55°(SD 1.35), whereas the mean ROM in the subjects without arthritis during this activity was 75.17°(SD 14.65) for wrist flexion (p = 0.02), 8.65°(SD 1.73) for wrist deviation (p = 0.005), 18.20°(SD 5.25) for thumb metacarpophalangeal flexion (p = 0.005), and 37.04°( SD 1.79) for thumb interphalangeal flexion (p \ 0.001).
Furthermore, the fixed adduction-extension deformity of the arthritic CMC joint was present throughout all motion as compared with control subjects. For example, during pinch her mean maximum and minimum CMC adduction was 37.91°(SD 0.04) and 19.62°(SD 0.61), whereas the mean maximum and minimum for subjects without arthritis was 19.10°(SD 5.56) and 8.72°(SD 3.10), respectively. She also demonstrated an extended posture at the thumb metacarpophalangeal joint throughout this activity with a mean maximal extension of 40.38°(SD 0.81) and mean minimal extension of 15.12°(SD 2.41). In contrast, all subjects without arthritis maintained a flexed position at this joint throughout this activity with a mean minimum flexion of 1.98°(SD 1.10) and mean maximum flexion of 12.37°(SD 2.97) (p \ 0.001). Similar findings were present during grip and jar twist; during grip, her mean CMC adduction ranged from 19.36°to 34.80°, whereas the range for subjects without arthritis was a mean of 5.23°to 23.44°. This adduction deformity was accentuated during the application of force when her mean CMC adduction arc of motion increased to 21.11°to 45.78°, whereas subjects without arthritis maintained a relatively stable mean arc of motion from 5.69°to 25.97°.
Discussion
Abnormal biomechanical loading has been implicated as an associated risk factor of OA in the wrist and hand [8, 10] . Empirical data to date are insufficient to implicate the specific role of altered biomechanics in developing thumb CMC arthritis. We developed a protocol to perform reproducible kinematic analysis of both control and osteoarthritic patients in future biomechanical studies.
This study has several limitations. It is a pilot study to test the feasibility and capabilities of motion analysis in the upper extremity. Motion analysis has been traditionally used for phasic, relatively uniplanar gait analysis of larger joints of the lower extremity. Upper extremity functional activity, in contrast, typically represents nonphasic activity with multiplanar precision targeting. Thus, this feasibility study poses many challenges. Accordingly, the study possesses a small subject population with intertrial variability present. Because there were only four control subjects and one osteoarthritic subject, normal curves could not be created and statistics were difficult to perform. Subjects demonstrated intratrial reliability with minimal deviation throughout their trials, thus confirming the viability of this large joint/small joint analysis. However, as a result of intertrial variability between control subjects, further studies with increased numbers of subjects are required to better establish a representative curve for these functional activities in control subjects.
We demonstrated that in vivo kinematics of the thumb and hand could be quantified in subjects without arthritis. We have demonstrated that our protocol reproducibly examines motion of both the small and large joints of the upper extremity in combination. Prior studies, including our own, have demonstrated the ability to accurately perform motion analysis on the larger joints of the upper extremity with good intertrial reliability [3, 19, 23] , whereas others have validated performing motion analysis on the hand alone [9, 18, 22] . In this study, we were able to appropriately address our primary aim by demonstrating that motion analysis of the entire hand and upper extremity may be performed concurrently and that we can reproducibly perform motion analysis during functional activities. Because upper extremity motion occurs in several planes of motion, is nonphasic, and unconstrained unlike motion of the lower extremity, our aim was to examine the position of the upper extremity as it relates to functional activities. With this study, we have created a protocol that reproducibly analyzes the motion of control subjects during activities of daily living including grasp, jar turn, and pinch.
We also effectively met our secondary aim of expanding our understanding of how motion of the upper extremity is altered with applied force. Prior studies have examined static ROM of the digits; however, they do not examine motion during functional activities [9, 18, 22] . Through our motion analysis, we have demonstrated that even healthy subjects tend to use flexion synergy to increase force generated similar to hemiparetic patients [6] .
Subsequently, we were able to examine the kinematic alterations in a patient with OA compared with those without arthritis. Greater amounts of time were required to accomplish the same tasks as attributed to subjective pain, and her kinematic deviations from normal increased with increasing requirement of force transmission. Furthermore, as a result of the adduction-extension deformity at the CMC joint, alterations in her biomechanics throughout the rest of the thumb and upper extremity were required to appropriately perform the specified tasks [24] . She demonstrated increased radial deviation of the wrist, flexion of the elbow, and abduction of the shoulder during functional activities as compared with control subjects, especially with force transmission. Prior studies have demonstrated an asymmetric motion deficit but have not correlated these data with functional activities and examined how it affects the rest of the upper extremity [9] .
Understanding the in vivo kinematics of these activities of daily living allows clinicians to understand how healthy subjects perform these activities and what movements are required to complete these tasks. Motion analysis grants the ability to objectively measure how subjects without arthritis perform these functions. Subsequently evaluating patients with functional limitations and comparing their motion with that of the control subjects allows us to understand why one subject is able to perform an activity, whereas the other is not [2] . Defining the carpometacarpal position and motion associated with functional activities known to cause symptoms and load the base of the thumb will augment current fundamental information of this complex joint [10] . Understanding compensatory motion of other joints creates an indirect measurement of advantageous force coupling. We seek to understand these kinematic alterations in patients with pathology of the hand and upper extremity to tailor our nonoperative and Fig. 4 This is a comparison of the adduction/abduction motion of the thumb of an arthritic versus control subject during jar opening. Our subject without arthritis had the ability to adduct the thumb during loading. As compared with control subjects, our subject with arthritis demonstrated the need for overall increased abduction of the thumb phalanges resulting from her CMC adduction deformity. She also demonstrated minimal motion as compared with the subject without arthritis once reaching final position and required increased time to completion of the task and returning to the resting position. operative treatments while improving joint stabilization to minimize abnormal motion and joint loading.
This study has demonstrated that we can reproducibly evaluate fine motion of the thumb and gross motion of the entire upper extremity concurrently. We can use skin surface markers to understand motion of the hand and upper extremity in a three-dimensional fashion during functional activities. This protocol may also be applied to subjects with altered kinematics of the hand to evaluate the change in biomechanics throughout the entire upper extremity. Through further studies, we hope to be able to arrive at normative data, which may then allow us to better tailor our treatments for upper extremity pathologies using normal biomechanics of the entire upper extremity as a guide.
